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a b s t r a c t 
Object: This study evaluates inter-site and intra-site reproducibility at ten different 7 T sites for quantitative brain 
imaging. 
Material and Methods: Two subjects – termed the “traveling heads ” – were imaged at ten different 7 T sites with 
a harmonized quantitative brain MR imaging protocol. In conjunction with the system calibration, MP2RAGE, 
QSM, CEST and multi-parametric mapping/relaxometry were examined. 
Results: Quantitative measurements with MP2RAGE showed very high reproducibility across sites and subjects, 
and errors were in concordance with previous results and other field strengths. QSM had high inter-site repro- 
ducibility for relevant subcortical volumes. CEST imaging revealed systematic differences between the sites, but 
reproducibility was comparable to results in the literature. Relaxometry had also very high agreement between 
sites, but due to the high sensitivity, differences caused by different applications of the B1 calibration of the two 
RF coil types used were observed. 
Conclusion: Our results show that quantitative brain imaging can be performed with high reproducibility at 7 T 















In 2016, a multicenter magnetic resonance imaging (MRI) study at
ltra-high magnetic field strength (UHF) was published ( Voelker et al.,
016 ). The study was termed the “traveling heads ” in which the same∗ Corresponding author at: Erwin L. Hahn Institute for Magnetic Resonance Imagin
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053-8119/© 2021 Published by Elsevier Inc. This is an open access article under thwo participants were imaged with the same imaging protocol at differ-
nt 7 T sites. The study evaluated inter-site and intra-site reproducibil-
ty of 7 T brain imaging using common qualitative, structural pulse se-
uences, and found a high reproducibility at 7 T, and similar reliability
ompared to literature values for 3 T. With the latest introduction of 7
 MR systems ( FDA clears first 7T magnetic resonance imaging deviceg, University Duisburg-Essen, Essen, Germany 
February 2021 
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f  017 ), which are now available as FDA-approved and CE-labeled med-
cal devices for brain and musculoskeletal applications, a follow-up of
he previous study seems timely and shall focus on the reproducibility
f state-of-the-art quantitative MR imaging across all three generations
f 7 T MR systems. 
Quantitative MRI is very challenging, but offers a high diagnostic
otential especially at UHF. In conventional weighted imaging, the im-
ge contrast depends on multiple factors such as sequence type (e.g.
hich type of sequence was used for T1-weighted imaging), sequence
arameters (e.g. repetition time or echo time) or hardware effects (e.g.
1 field or the type of radiofrequency coil or B0 homogeneity). Quantifi-
ation of physical imaging parameters promises the inherent advantage
hat physical tissue properties, e.g. the longitudinal or transversal relax-
tion time or the tissue susceptibility value are examined that are not
ased on arbitrary units as in conventional weighted MRI. Therefore,
uantification of imaging properties has the potential to increase diag-
ostic specificity and sensitivity due to its standardized nature but also
ue to its sensitivity to micro-structural properties of brain tissue such
s axons, myelin, iron or water concentration ( Weiskopf et al., 2015 ,
angkammer et al., 2012 , MacKay et al., 2006 , Harkins et al., 2016 ). 
At UHF, quantitative MR imaging techniques not only benefit of the
ncreased signal-to-noise-ratio (SNR), but also from additional effects
uch as stronger phase contrast for quantitative susceptibility mapping
QSM) or T1 lengthening and higher spectral dispersion for chemical
xchange saturation transfer (CEST) ( Pohmann et al., 2016 , Ladd et al.,
018 ). Thus, the concepts of in vivo histology at ultra-fine image reso-
ution has been proposed and found clinical use at 7T ( Weiskopf et al.,
015 , Deistung et al., 2013 , Spincemaille et al., 2020 , Straub et al., 2020 ,
ouapre et al., 2015 ). 
The higher sensitivity at UHF, however, may also increase the
rtifact-to-noise ratio ( MacKay et al., 2006 ) and methods that rely on B0
r radio-frequency (RF) field uniformity e.g. some T1-mapping meth-
ds or CEST become more challenging due to increased field inho-
ogeneities and RF wavelength effects, which are more prominent at
igher field strength ( U ğurbil, 2018 ). This may influence the image qual-
ty and reproducibility for quantitative imaging at UHF. 
In this study we addressed this task and examined the reproducibil-
ty of state-of-the-art quantitative imaging methods in a multicenter 7
esla study. We evaluated the reproducibility of brain volumetry and T1
apping with the Magnetization Prepared 2 Rapid Acquisition Gradient
choes (MP2RAGE) approach ( Marques et al., 2010 ), quantitative sus-
eptibility mapping based on multi-echo gradient-echo (GRE) imaging
 Li et al., 2014 , Wu et al., 2012 , Wei et al., 2015 ), chemical exchange sat-
ration transfer based on the GRE snapshot approach ( Zaiss et al., 2018 ),
nd relaxometry of T1, T2 ∗ , as well as mapping of proton density (PD)
ased on a multi-parametric mapping technique ( Weiskopf et al., 2013 ,
irilina et al., 2020 ). The results were compared to those from the pre-
ious study and to reproducibility studies for the specific quantitative
maging methods available in the literature. 
. Material and methods 
.1. Measurement setup 
Two male subjects (41 and 36 yrs.) were imaged at ten different UHF
ites. All sites operate 7 T whole-body MR systems from the same vendor
Siemens Healthcare GmbH, Erlangen, Germany). The sites cooperate
n a user group network called German Ultrahigh Field Imaging (GUFI,
ww.mr-gufi.de) and are located in Germany and neighboring coun-
ries (Austria and the Netherlands). Data were acquired at the following
 T sites: Berlin, Germany (BER); Bonn, Germany (BON); Erlangen, Ger-
any (ERL); Essen, Germany (ESS); Heidelberg, Germany (HEI); Jülich,
ermany (JUL); Leipzig, Germany (LEI); Magdeburg, Germany (MAG);
ienna, Austria (VIE); Würzburg, Germany (WUE). Although all based
n the same vendor, the sites operate different generations of 7 T MR
ystems with different software platforms and differences in basic imag-2 ng components that might influence image quality. Five different con-
gurations were identified from combinations of three different magnet
ersions, three different gradient coil sets, two different RF head coils
nd two different software versions ( Table 1: Sites). Additionally, the
atest system version (configuration 5, “Terra ”, C5) came with RF power
mplifiers with higher maximum output power (11 kW instead of 8 kW)
s well as B0 shimming with 3rd-order terms. The oldest available 7 T
R systems within the GUFI network have already been running for up
o 15 years, while the most recent systems of the FDA/CE-approved C5
onfiguration were installed since 2015. 
.2. Imaging protocol and image processing 
.2.1. System calibration 
The imaging protocol ( Inline Supplementary Table 1 ) started with
ystem calibration. B1 was mapped and adjusted with the Dual Re-
ocusing Echo Acquisition Mode (DREAM) B1 mapping technique
 Ehses et al., 2019 , Nehrke and Börnert, 2012 ). This sequence is rou-
inely not available at the systems and was shared via core competence
artnerships (C2P) between the sites. The version we used has an in-
egrated calculation of a so-called “transmitter reference voltage map ”
hat represents the required input power to reach the desired flip angle
n each voxel. The input power was calibrated for a manually chosen
egion of interest (ROI) drawn centrally with a circular extension to the
ateral brain borders and averaged over 3 central axial slices oriented
long the connection between the lateral ventricles and the 3rd ven-
ricle. After the adjustment, B1 was measured again with DREAM to
valuate the reproducibility of the adjustment between sites. The mea-
ured flip angle relative to the nominal flip angle was used as relative
1 and analyzed in B1 histograms. 
B0 was shimmed iteratively using automatic shimming routines pro-
ided by the vendor. The shimming volume was chosen manually as a
uboid that enclosed the longest brain axis oriented along the AC-PC
ine. For the C5 sites, 3rd-order shimming was enabled, while at the
ther sites 2nd-order shimming was used. The results of the B0 calibra-
ion were mapped with a GRE B0 field mapping sequence, which was
epeated at the end of the imaging protocol ( Inline Supplementary Ta-
le 1 ) to check for B0 drift. Standard deviation and histograms were
alculated to compare B0 homogeneity between sites. 
.2.2. MP2RAGE 
Volumetric measurements were based on image data acquired with
he MP2RAGE ( Marques et al., 2010 ) technique. MP2RAGE is a widely
sed technique in 7 T brain imaging as it provides T1-weighted con-
rast with reduced transmit field inhomogeneity without bias of T2 ∗ 
eighting, PD weighting or the reception field. The version we used
as available as a works-in-progress (WIP) version provided by the
endor at the C1–C4 sites and as standard product sequence at the
5 sites ( Inline Supplementary Table 1 ). The “uniform ” images and
1 maps were additionally corrected for transmit B1 inhomogeneity
 Marques and Gruetter, 2013 ). Therefore, the mean of both DREAM con-
rasts was used for co-registration to the MP2RAGE scan. Subsequently,
he B1 maps were used for B1 correction of the MP2RAGE data, but also
he MP2RAGE generated masks were used for analysis of the B1 maps
n different brain sub-volumes. To create these analysis masks, the sub-
equent image-processing pipeline consisted of the following steps. Bias
orrection was realized with the N4 function implemented in Advanced
ormalization Tools (ANTs, v2.1.0) ( Tustison et al., 2010 ). Brain ex-
raction was done by combining the results of the method implemented
n ANTs ( Avants et al., 2011 ) and the FSL brain extraction tool (FM-
IB Software Library v6.0, The University of Oxford) ( Smith, 2002 ),
nd the results were refined with filters for dura and arteries similar
o ( Haast et al., 2018 ) as implemented in CBS High-Res Brain Process-
ng Tools (CBS Tools v.3.1.0, Max Planck Institute for Human and Cog-
itive Brain Sciences) ( Bazin et al., 2014 ). Volumes of interest (VOIs)
or analysis were defined that include different tissue types (FSL-FAST
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Table 1 
Sites. Five different hard- and software configurations were identified at the GUFI sites. All 7T MR systems are from the same vendor. 
Configurations 1-4 use magnets manufactured by Agilent Technologies (Santa Clara, CA, USA); Configuration 5 by Siemens (Siemens 
Healthcare GmbH, Erlangen, Germany). The radiofrequency power amplifier (RFPA) was more powerful at the C5 sites. All sites are 
equipped with a commercially available RF head coil (Nova Medical, Inc., Wilmington, MA, USA) that was used for the measurements, 
whereby the current version has 32 and the older version 24 receive channels and a slightly different transmit component. 
Configuration type Magnet type Gradient coil RFPA RF Coil Software version Location (Scans) 
1 (PS, AS95, 24ch) Passively shielded (PS) 38 mT/m ( “AS95 ”) 8 kW 24 ch VB Berlin (1) 
Heidelberg (1) 
2 (PS, AS95) Passively shielded (PS) 38 mT/m ( “AS95 ”) 8 kW 32 ch VB Essen (2) 
3 (PS, SC72) Passively shielded (PS) 70 mT/m ( “SC72 ”) 8 kW 32 ch VB Magdeburg (1) 
Leipzig (1) 
Vienna (1) 
4 (AS, SC72) Actively shielded (AS) 70 mT/m ( “SC72 ”) 8 kW 32 ch VB Bonn (1) 
5 “Terra ” Actively shielded 80 mT/m 11 kW 32 ch VE Erlangen (3) 
Würzburg (2) 
Jülich (2, Subj.2: 1) 
Fig. 1. VOIs. VOIs used for reproducibility 
comparisons. Based on T1-weighted imaging, 
tissue types (A) and subcortical VOIs (B) have 
been segmented with FSL tools for each sub- 
ject at each site. Whole-brain masks were de- 
rived from brain extraction and subdivided (C) 
to compare the cranial part without the in- 
fluence of inferior parts or subcortical areas 
(blue = supratentorial brain mask), where B1 
and B0 inhomogeneities are most prominent. 
Semi-automatic segmentation was used for de- 
lineation of additional VOIs for QSM analysis 
(D-G). Red nucleus (green/red, D,F), substan- 
tia nigra (yellow/blue D,F), dentate nuclei (ma- 
genta/cyan, D,E) as well as reference VOIs in 
WM (orange/pink D,G) and lateral ventricles 
(light-green/blue-green, beige/light-blue, D,F) were segmented for each subject at one site. Reference volumes in the lateral ventricles (D,F) were chosen in a frontal 
cranial region with homogeneous susceptibility and in a medial region (between frontal and dorsal part). WM VOI (G) for QSM was chosen as 10-voxel-diameter (7 


























































(   Zhang et al., 2001 )) and different subcortical structures (FSL-FIRST
 Patenaude et al., 2011 )). The subcortical segmentation with the FSL
run_first_all ” script was implemented after gradient distortion correc-
ion (GDC) ( Jovicich et al., 2006 ) and warping of the uniform im-
ges into Montreal Neurological Institute (MNI) image space was per-
ormed with ANTs. GDC was realized with the “gradunwarp ” script rec-
mmended in the Human Connectome Project pipeline ( Glasser et al.,
013 ) using the vendor provided correction matrices for each gradient
oil type. The Jacobian intensity correction was not used to preserve
he quantitative data measured by the individual scanners. Warping was
ealized with ANTs to increase the reproducibility ( Feng et al., 2017 ).
ifferent additional brain masks were defined originating from warps of
he MNI template masks and the FIRST segmentations to discriminate
etween whole-brain and supratentorial structures (i.e. without the infe-
ior parts such as cerebellum, brain stem etc.) ( Fig. 1: VOIs). The repro-
ucibility of measured (MP2RAGE) T1 maps and the size of the different
OIs were analyzed in the B1- and GDC-corrected images and compared
etween sites and rescans of the subjects. The coefficient of variation
CoV = standard deviation/mean) was used as measure for inter-site
eproducibility. For intra-site data the relative span of the mean VOI
alues was calculated for the sites with 2 or 3 measurements and the
aximum was used as a measure for the highest repetition error. 
Due to the different required transformation steps, the tissue segmen-
ation masks were thresholded by a margin of 0.9 and the subcortical
egmentation masks by 0.6 to reduce partial volume effects. Therefore,
e included boundary voxels that had an overlap of at least 90% to the
egmented tissue type after the final transformation and 60% for subcor-
ical VOIs respectively. The same VOI masks were used for analysis of all
mage data, and images were co-registered to align the masks between
ifferent measurements using ANTs. m  
3 Inter-site co-registration for the graphical analysis of the results
as realized between the denoised, bias and distortion corrected uni-
orm MP2RAGE contrasts. The images were masked with their indi-
idual brain mask before co-registration to use the brain boundaries
s edge features. Mutual information was used to calculate the cost
unction in the iterative registration approach in ANTs with parame-
ers as in the “antsRegistrationSyN ” script modified to a higher conver-
ence threshold (10 − 9 instead of 10 − 6 ) for the optimization. A rigid co-
egistration step was used to analyze the volumetric overlap of the dis-
ortion corrected images. With the same parameters an additional affine
o-registration step was calculated based on the rigid co-registered data
o optimize the co-registration overlap. 
.2.3. QSM 
QSM has become very popular over the last years ( Haacke et al.,
015 ) and benefits from the larger phase differences at UHF and
herefore higher achievable contrast-to-noise ratio ( Ladd et al., 2018 ,
eistung et al., 2013 , Spincemaille et al., 2020 ). We acquired the
SM data with a multi-echo gradient echo (ME-GRE) sequence ( Inline
upplementary Table 1 ) that uses the ASPIRE coil combination tech-
ique ( “A Simple Phase Image Reconstruction for multi-Echo data ”)
 Eckstein et al., 2018 ) and monopolar readout. The sequence that in-
egrated this approach is routinely not available at the systems and was
hared via C2P (Siemens Healthcare GmbH) between the sites. To gener-
te susceptibility maps of each echo time, phase maps were unwrapped
sing a Laplacian-based phase unwrapping algorithm ( Li et al., 2014 ,
chofield and Zhu, 2003 ). Brain masks were generated at one site for
ach subject and each echo of the ME-GRE using the HD-BET algorithm
 Isensee et al., 2019 ). An affine co-registration (ANTs) of the first echo
agnitude images was calculated between all sites and the reference




























































































































n  ite to transfer these masks to all sites’ image space. Thus, it was at-
empted to include the same brain volume for each subject at each site.
ubsequently, the background field was removed using Sophisticated
armonic Artifact Reduction for Phase data (V-SHARP) with varying
pherical kernel sizes up to 12 mm ( Wu et al., 2012 ). Finally, susceptibil-
ty maps were calculated by using the STreaking Artifact Reduction for
SM (STAR-QSM) ( Wei et al., 2015 ) algorithm. An echo-time-averaged
usceptibility map was created by using the squared echo time and the
quared signal magnitude as a weight ( Chen et al., 2018 ). Algorithms
rom the STISuite Toolbox (v.3.0, University of California, Berkeley)
nd the MEDI Toolbox (01/15/2020, Cornell MRI Research Lab, New
ork) were used for the QSM reconstruction pipeline. For analysis of
he QSM maps, the masks generated via the corresponding MP2RAGE
nalysis via affine co-registration were used. A single image erosion (3-
oxel-square kernel) was applied to these analysis masks to account for
artial volume due to the additional transformation steps. But also a
emi-automatic segmentation of QSM-relevant VOIs was performed with
TK-SNAP (v.3.8.0) ( Yushkevich et al., 2006 ) at the C2 reference site for
oth subjects and the resulting masks ( Fig. 1: VOIs.). These VOIs were
ransferred and applied in the original imaging space of the QSM maps
t each site. The semi-automatically segmented VOIs were used to com-
are the data to the results of other groups and may be used as reference
or inter-subject normalization. 
.2.4. CEST 
At UHF, CEST imaging ( Ward et al., 2000 ) gains SNR and the
ispersion of the peaks in the Z-spectra is greater, but the acquisi-
ion may suffer from less homogeneous B1 excitation ( Ladd et al.,
018 , Kim et al., 2015 ). CEST MRI was implemented according to a
reviously optimized acquisition protocol at 7 T ( Zaiss et al., 2015 ,
aiss et al., 2015 ) in combination with recent improvements to en-
ance the reproducibility ( Katrin, 2020 ). The protocol comprises a low-
ower pre-saturation (reconstructed mean B1 = 0.7 μT, flip angle equiv-
lent), a 5-pool Lorentzian-fit analysis (i.e. rNOE, amide, amine, MT
nd water ( Windschuh et al., 2015 )), and a correction for B0 and
1 inhomogeneities using the field maps from the WASABI measure-
ent ( Windschuh et al., 2015 , Schuenke et al., 2017 ) included in the
EST protocol. In contrast to the previous protocol, the image readout
as extended to three dimensions using the snapshot-CEST approach
 Zaiss et al., 2018 ) with adapted imaging parameters ( Inline Supple-
entary Table 1 ). In addition, Z-spectra were de-noised using a princi-
al component analysis (i.e. 12 preserved components) ( Breitling et al.,
019 ). The final CEST contrast for each pool was calculated by the
orentzian difference (LD) metric ( Jones et al., 2013 , Zaiss et al.,
014 ) using the individual label and reference Z-spectrum of the multi-
ool Lorentzian fit analysis at − 3.5, + 3.5 and − 2.0 ppm, respectively
 Zaiss et al., 2014 ). The amine pool at + 2.2 ppm was not evaluated in-
ividually but was used to stabilize the amide contrast. For the reference
-spectrum of the amide signal, the Lorentzian was combined with the
ne dedicated to the amine pool to avoid instabilities from the over-
ap of the two spectrally neighboring pools. The sequence that realized
his protocol is routinely not available at the systems and was shared
ia C2P between the sites. All subsequent image processing steps were
erformed offline from the scanner. An additional calibration scan was
ecessary due to the hardware constraints of the systems. This calibra-
ion was measured with a phantom and used the same sequence mod-
fied to measure the difference of the flip angle with and without the
pplication of the pre-saturation pulse chain. Therefore, the influence
f thermal heat on the output power was assessed to correct for sys-
ematic differences between the different systems ( Supplementary data ).
or analysis all CEST datasets were co-registered to the corresponding
P2RAGE scan, and the GM and WM VOIs as well as the caudate VOI
hat had significant overlap of more than 50% with the common CEST
lab, which was oriented cranial adjacent to the AC-PC line, were used
or reproducibility comparisons. 4 .2.5. Relaxometry 
Quantitative maps of the T1 and T2 ∗ relaxation rates (R1 = 1/T1,
2 ∗ = 1/T2 ∗ ) as well as PD were acquired using a multi-parametric
apping technique ( Weiskopf et al., 2013 , Kirilina et al., 2020 ) fur-
her adapted for 7 T and for increased isotropic resolution ( Inline
upplementary Table 1 ). The measurement of the basic MRI tis-
ue parameters is particularly important in quantitative imaging and
ay, in combination with biophysical modeling ( Kirilina et al., 2020 ,
enkelman et al., 2001 ), enable the concept of in vivo histology us-
ng MRI (hMRI, ( Weiskopf et al., 2015 )). The protocol consisted of
wo 3D ME-GRE scans with T1 and PD weightings (measurement of
agnetization transfer saturation was omitted due to scan time con-
erns). The sequence, which was both RF- and gradient-spoiled, is rou-
inely not available at the systems and was shared via research agree-
ents between the sites. Maps were calculated with the hMRI tool-
ox (v.0.2.2., http://hmri.info, ( Tabelow et al., 2018 )) within the SPM
2 framework (http://www.fil.ion.ucl.ac.uk/spm/) in Matlab (R2017b,
he Mathworks, Inc., Natick, MA; USA). The calculation of the pa-
ameters was based on the Ernst equation ( Ernst and Anderson, 1966 ,
elms et al., 2008 , Helms et al., 2008 ), where corrections for B1 trans-
it and receive field bias were implemented. R1 and PD in percentage
nits (p.u.) were estimated from a solution of the Ernst equation, us-
ng approximations for small repetition time TR ( Tabelow et al., 2018 ,
elms et al., 2008 ). To combine the multiple echoes, PD- and T1-
eighted signals were extrapolated to TE = 0. The B1 transmit field cor-
ection is realized with the correction field f t measured with the DREAM
1 mapping sequence (one scan aligned to the MPM slab), the effective
ocal flip angle is calculated as: 
cor = 𝑓 𝑡 𝛼nom and 𝑇 1 app ∼ 𝑇 1 𝑓 2 𝑡 
Corrections for imperfect spoiling were applied ( Preibisch and Deich-
ann, 2009 ). R2 ∗ was calculated across all echoes of the multi-contrast
ata by weighted ordinary least squares fitting. 
For analysis, the first echo of the PD-weighted scan was co-registered
o the second inversion contrast of the MP2RAGE measurement and the
esultant matrices were used to transfer the VOI masks to the relaxome-
ry image space. The transformed analysis masks were thresholded by a
argin of 0.99 to exclude most of the partial volume, which effectively
esulted in a mild erosion. 
.3. Datasets 
Including rescans at selected sites, Subject 1 was imaged 15 times
nd Subject 2 was imaged 14 times at 10 different sites, lead-
ng to a total of 29 datasets ( Inline Supplementary Table 2 ). The
mage data we acquired can be accessed online via zenodo (DOI:
x.doi.org/10.5281/zenodo.4117947). The first measurement at the C2
ite was chosen as reference for image co-registration of each subject.
ll were evaluated and further compared to the datasets obtained from
he previous traveling heads study performed in 2016 ( Voelker et al.,
016 ). The current study included the same two subjects as the previ-
us experiment, which allowed to compare the data individually and
uantitatively to the previous results. The total measurement time for
ach dataset was 60 min per subject. 
.4. Exceptions 
Exceptions occurred for various measurements. At the C1 sites with
he 24-channel version of the RF head coil, the required input power to
each the nominal flip angle was measured to be higher, which led to
AR problems. As the power constraints were more restrictive for this RF
oil, the maximum applicable input power was set to a fixed value (350
 transmitter reference voltage), for which most of the measurements
ould run without further modifications instead of using the calculated
ecessary input power. Therefore, the applied B1 was smaller for all
M.N. Voelker, O. Kraff, S. Goerke et al. NeuroImage 232 (2021) 117910 
Fig. 2. B1. B1 field maps were obtained after transmitter calibration to yield a nominal flip angle of 50°. All maps show Subject 1 including rescans and were co- 
registered to the first measurement at the only C2 site (ESS). Note that the C1 sites with the 24-channel RF coil were limited to a fixed value of transmit power (350V 
transmitter reference voltage). Since this coil type was less power-efficient, SAR constraints of other measurements in the imaging protocol limited the maximum 





















































































v  easurements at these C1 sites. Modifications were necessary for the
0 mapping (four slices less in BER, six in HEI) and for the T1-weighted
E-GRE scan, that used a nominal FA of 20° (BER) or 19° (HEI) instead
f 21°. 
The B1 calibration for one measurement at one C5 site (JUL2) was ac-
identally measured with lower nominal flip angle (35° instead of 50°),
hich led to different SNR of the measurement and slight differences
n measurement accuracy. The B1 mapping had also some minor differ-
nces between the VE software version at the C5 sites and VB version at
he other sites, and different acceleration methods were used (VE with
AIPIRINHA ( Breuer et al., 2005 ), VB with GRAPPA ( Griswold et al.,
002 ) and identical acceleration factors). 
For the B0 shimming, one exception occurred during the first scan at
 C5 site (Erlangen), where inadvertently a different shimming program
as used that led to degraded results. Consequently, the data were not
sed for analysis. 
The MP2RAGE sequence uses a sequence optimizer, which mini-
izes TE and that cannot be switched off. Therefore, slight differences
n TE (2.93–3.06 ms) had to be used at the sites with different gradient
oils. For the MP2RAGE measurements in Leipzig and Vienna (two C3
ites), the inversion pulse (HS4) was not loaded correctly probably due
o conflicts with other versions of that sequence installed on the systems.
ence, MP2RAGE data are not available for these sites. 
The additional CEST calibration for duty cycle could not be done at
ne C3 site (LEI), as the scanner had been replaced in the meantime. 
The ME-GRE sequence, which was shared via C2P for the relaxome-
ry measurements, was not applied successfully at the C5 sites with VE
oftware due to various sequence failures that arose from software adap-
ion. Consequently, the reproducibility analysis was restricted to C1-C4
ites. 
. Results 
.1. System calibration 
The transmitter voltages of the 7 T systems that used the 32-channel
F coil (C2-C5) were successfully calibrated with DREAM B1 mapping.
 mean relative B1 of 92% was measured for the whole brain (WB)
olume, and 96% in the supratentorial brain (SB). Variations were small
etween sites ( + / − 5% at maximum) for each subject individually and
etween subjects at all sites ( < 2% variation of the inter-site average),
here the individual maximum inter-subject difference at the same site
as found to be 10%. The transmit power at the C1 sites with the 24-
hannel RF coil was fixed to 350 V leading to lower B1 values (84% /
6% in WB / SB, Fig. 2: B1, Inline Supplementary Table 3 ) and narrower5 1 distributions at those sites ( Fig. 3: Histogram, Inline Supplementary
able 3 ). 
In contrast, the B0 shimming performed slightly differently between
he five hardware configurations of the sites ( Fig. 4: B0). The 3rd-order
himming routines of the C5 sites allowed higher field homogeneity than
he 2nd-order shimming at the C1-C4 sites, where the mean full width
t half maximum (FWHM) of the peak of the whole-brain B0 distribu-
ion was about 1.7 times broader than at the C5 sites for both subjects
 Fig. 3: Histogram, Inline Supplementary Table 3 ). Furthermore, the C1-
2 sites slightly outperformed the C3-C4 sites for both subjects with a
9% and 32% broader FWHM at the C3-C4 sites for Subject 1 and 2, re-
pectively. However, using the standard deviation (SD) of the B0 maps
s the criterion for homogeneity, the differences between the sites were
uch smaller with similar tendencies slightly favoring the C1-C2 sites.
he mean SD for both subjects was equivalent between the C5 and the
1-C2 sites, while the C3-C4 sites had about 5% higher SD of the whole-
rain B0 maps. 
.2. MP2RAGE 
MP2RAGE showed very high agreement in image contrast, mea-
ured T1 values and volumetric measurements ( Inline Supplementary
able 4 , Inline Supplementary Figure 1 ). The gray matter/whiter matter
GM/WM) contrast in the T1-weighted uniform images was measured
o be − 0.29 (Michelson definition ( Michelson, 1927 )) for the supraten-
orial brain of both subjects. Comparing the reproducibility of the T1-
alues determined in corresponding T1 maps, an inter-site CoV of less
han 2% was found for all extracted sub-volumes in the brain of both
ubjects. Exceptions could only be found for the most inferior regions,
.e. brain stem and cerebellum, where B1 and B0 homogeneity is highly
educed ( Fig. 2: B1, Fig. 4: B0) leading to a CoV of 6.8% as the worst
ase for one subject. The average inter-site CoV of the 14 subcortical nu-
lei segmented with FSL FIRST (excluding the brainstem and cerebellum
ue the low B1 in the inferior region and consequent lower reliability)
f both subjects was three times smaller if calculated only between the
5 sites (0.5%) compared to a group of the older generation C1-C4 sites
1.5%), which showed slightly higher variation than the overall average
f 1.3%. Indeed 27/28 of the C5 VOIs had higher reproducibility than
he respective VOIs of the C1-C4 group. The maximum intra-site repe-
ition errors for all rescans were found between 0.3% and 3% for the
ingle subcortical VOIs with an average of 1.3% for subject 1 and 1.9%
or subject2. 
The variation of the examined size of the sub-volumes revealed high
nter-site reproducibility, with CoV of less than 2.2% if the specific sub-
olume had a size of at least 2 cm 3 . For smaller regions such as, for ex-
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Fig. 3. Histogram. Histograms of the field 
maps. B0 and B1 histograms were plot- 
ted from data of the whole-brain masks af- 
ter multiplying in common space to mea- 
sure in the overlapping region only. Plots 
were denoised in Matlab by a moving av- 
erage low-pass filter (9 values kernel) for 
better depiction of the differences. Subject 
1 had a 1.3 × broader B0 field distribu- 
tion than Subject 2. The 3rd-order shim- 
ming at the C5 sites reduced the average 
peak width of the distribution by 36%. The 
C1 sites showed a 26% smaller bandwidth 
than the C2-C4 sites. However, the B1 dis- 
tribution revealed that the B1 maps at C1 
were measured with lower input power, 
which moved the peaks of the distributions 
to about 15% lower relative B1 and nar- 
rowed the B1 distribution slightly (maxi- 
mum count marked with dots). By mask- 
ing out the inferior brain regions, the cra- 
nial B1 distributions became (tighter and) 
more centered towards the nominal flip an- 
gle (relative B1 = 1) due to the low transmit 
variation of the RF coils in this region. 
Fig. 4. B0. B0 field maps. B0 shimming was conducted with 2nd-order shimming at C1-C4 sites and 3rd-order shimming at the C5 “Terra ” sites. The 3rd-order 
shimming yielded better homogeneity compared to the other 32-channel coil sites for Subject 1 shown here. The measurements at the C1 sites with the 24-channel 
coil, especially HEI, had more homogeneous field distributions than the C2-C4 sites. The same co-registered excerpt from the Subject 1 dataset is shown as for 
Fig. 2: B1. (excluding ERL1, see exceptions in the text). 
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Fig. 5. Co-registration performance. The 
mean overlap of the co-registered subject 1 
datasets of configuration C1 and C5 is shown 
normalized to the C2 dataset as relative 
deviation of the co-registered MP2RAGE T1 
maps. Rigid co-registration with ANTs was 
not sufficient which can be found as high 
contrast areas with structural visibility in the 
difference maps especially at the WM-GM-CSF 
borders of the cerebral cortex. This misalign- 
ment degrades the graphically calculated CoV 
maps. An additional affine co-registration 
step was necessary to reduce the influence of 
misalignment to the CoV. The co-registration 
showed better overlap for both rigid as well as 
the affine computations while configurations 
using the same gradient coil type had been 
co-registered (C1/C2). The hardware configuration of C1 used the same gradient coil type but different RF coil than C2, while the C5- sites used the same RF coil 

























































































g  mple, right amygdala or right globus pallidus, as well as for the most
nferior brain parts, the segmentation was found to be less reproducible
esulting in a variation of the measured size of up to 10% ( Inline Sup-
lementary Table 4 ). Small absolute errors in delineation of the spe-
ific region contribute much to the relative coefficient of variation here.
nter-site CoVs of subcortical volume measurements did not show dif-
erences between subgroups of the different site configurations. For the
ig subcortical VOIs ( > 2 cm 3 ) the maximum intra-site repetition errors
f the rescans were measured between 0.6% and 5.1% with an average
f 3.0% for subject 1 and 2.5% for subject 2. For smaller VOIs e.g. the
ight globus pallidus worst case volume deviations of up to 36% could
e identified out of the small dataset of 2-3 scans per site. 
Rigid co-registration was unable to align image data of all configu-
ations correctly to the C2 reference site. Affine co-registration showed
uch better overlap to the reference especially those configurations that
ad installed the different type of gradient coil (C3-C5) ( Fig. 5: Co-
egistration performance, Inline Supplementary Figure 2 ). Consequently
he affine co-registration matrices were used to align all graphical rep-
esentations (all figures) of the measurement results to the common
P2RAGE reference image measured at C2. The quantification itself
as done in the native image space for each measurement, with co-
egistration necessary only between volumetry/MP2RAGE and the re-
pective method (exception is the manual segmentation of the additional
SM VOIs, which was co-registered via affine MP2RAGE matrices). 
.3. QSM 
The QSM maps also showed a very high agreement between sites
 Fig. 6: QSM, Inline Supplementary Table 5 ). Small regions of higher
ariation were identified near air cavities and vessels, e.g. near the
aranasal sinuses ( Fig. 9: Reproducibility). The quantification of dis-
inct subcortical gray matter VOIs yielded a slightly higher variation be-
ween sites than the MP2RAGE analysis. The most reproducible results
etween sites were found for the dentate nuclei, where the CoV ranged
etween 2-4% ( Inline Supplementary Table 5 ). The three reference vol-
mes in the lateral ventricles and the occipital WM had similar inter-site
ariations as the three manually segmented VOIs (red nucleus, substan-
ia nigra, dentate nuclei) and the three VOIs derived from FSL FAST
egmentation of the MP2RAGE images (caudate nuclei, globus pallidus,
utamen). For Subject 1, the inter-site variations were slightly higher
han for Subject 2, with a maximum CoV reaching 13% at the left WM
eference volume or 11% at the right substantia nigra, whereas for Sub-
ect 2 the CoV was lower than 10% in all measured sub-volumes. Com-
aring the measured susceptibility between subjects, the maps showed
bout 1.25 times ( R 2 = 0.97) higher susceptibility values over all VOIs
or Subject 2 than for Subject 1. Systematic differences in reproducibil-
ty between site configurations or rescans could not be identified. 7 .4. CEST 
The initial CEST analysis for the acquired rNOE maps revealed a
ias between the data measured at the C5 sites and the data measured
t the older generation C1-C4 sites, whereby the rNOE contrast at the
5 sites exceeded that at the other sites by a factor of 9.5% in GM and
M tissues. Potential thermal effects of the RF power amplifier were
nvestigated and found to lead to different flip angles played out be-
ween the sites by the individual RFPA ( Supplementary data ). The long
re-saturation phase of the sequence (140 × 15-ms Gaussian shaped
ulses were applied with a delay of 10 ms per RF block) caused very
igh thermal stress to the RFPA. Therefore, deviations of the flip angle
fter pre-saturation were observed, leading to an altered effective pre-
aturation RF amplitude. The mean deviation in B1 measured at the sites
as 6.3%, while the best site had about 3.3% and the highest deviation
as found to be 11.2%. After applying these correction factors to the
ata, the maps showed good agreement between all sites ( Fig. 7: CEST,
nline Supplementary Table 6 ), and the bias between the C1-C4 and C5
ites was reduced to 1.4% in GM and WM tissues. The mean rNOE con-
rast differed for GM (0.22) and WM (0.25) areas, and the differences
etween subjects were minimal ( < 0.01). The inter-site reproducibility
as between 2.4% and 3% for GM and WM tissues and between 3.8%
nd 4.7% for the caudate nuclei, the only subcortical VOI that had signif-
cant overlap with the CEST imaging slab. The inter-site reproducibility
f the C5 configuration was between 1.1% and 1.6% for GM and WM,
hile the group of the configurations C1-C4 with more heterogeneous
ardware setup had slightly lower inter-site reproducibility (2.9–3.9%).
The contrast of the Amide peak did also show good agreement be-
ween the sites, but the reproducibility was slightly lower. A residual
onfiguration bias with 7.5% less signal measured at the C5 sites in the
M and WM VOIs was found in the final maps. This reduced the mea-
ured inter-site reproducibility between all sites. The inter-site CoVs of
he C5 configuration data alone measured in the GM and WM VOIs was
easured between 1.0% and 3.1% compared to the CoVs found between
ll sites (4.4–5.7%). 
The MT contrast was also calculated and showed high reproducibil-
ty between the sites ( Inline Supplementary Figure 3 . Inline Supplemen-
ary Table 6 ). A small configuration bias with about 7% higher signal
easured at the C5 configuration was found. Therefore, the inter-site
eproducibility was reduced from CoVs between 1.6% and 2.7% in the
M and WM VOIs of the C5- configuration data alone to 3.4–5.5% if
alculated between all sites. 
.5. Relaxometry 
Multi-parametric mapping with the ME-GRE method showed very
ood agreement between sites ( Fig. 8: Relaxometry, Inline Supplemen-
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Fig. 6. QSM. QSM maps show very similar contrast, but small artifacts are visible, for example in median regions like the corpus callosum. Small differences may 
be introduced near cavities or vessels where the measured susceptibility is particularly sensitive to possible differences due to B0 shimming or subject positioning. 
The Subject 1 dataset is shown including all rescans aligned to the MP2RAGE images ( Inline Supplementary Figure 1 ) via co-registration. 
Fig. 7. CEST. CEST rNOE maps showing high agreement between the different sites. For the C5 sites ( “Terra ”), a small gradient with higher CEST contrast in the 
dorsal area is visible. Systematic hardware differences in the RFPA behavior under CEST duty cycle were calibrated, but small dynamic differences or modifications 
related to the software/sequence implementation might still exist and cause the observed contrast enhancements. The Subject 1 dataset is shown including all rescans 
in AC-PC orientation co-registered to the first scan at C2 (ESS). 
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Fig. 8. Relaxometry. R1, R2 ∗ and PD maps calculated from ME-GRE images. The PD maps and central brain parts in the R1 maps at the sites with the 24-channel 
RF coil showed slightly more homogeneous values than at the C2-C4 sites with the 32-channel RF coil. Note that at the 24-channel coil sites the power calibration 
was limited to a fixed value and mean B1 was about 10% lower. At the C2-C4 sites the higher transmit power and the resultant higher flip angles of the B1 mapping 
used for corrections of the relaxometry data possibly could not be measured as accurately and this might explain these differences. The Subject 1 dataset is shown 


































































a  ary Table 7 ). The proton density maps provided the best inter-site repro-
ucibility of all multi-parametric maps. CoV of the PD data of Subject 2
as as low as for the T1 measured with MP2RAGE, while it was slightly
igher (1–2%) in Subject 1 for most VOIs ( Inline Supplementary Table
 ). The T1 and the T2 ∗ mapping with the ME-GRE approach both had
igher inter-site variations than the PD data. For T1 the highest inter-
ite variations were found centrally, e.g. thalamus (left/right: Subject
: 9/6%, Subject 2: 7/6%) and at inferior brain regions, with Subject
 data being more reproducible (1–2%) than the VOIs compared in the
ubject 1 dataset. For T2 ∗ , the highest variations were found in the nu-
leus accumbens (left/right: Subject 1: 11/12%, Subject 2: 8/6%) and
mygdala (left/right: Subject 1: 11/10%, Subject 2: 8/9%), but repro-
ucibility over all supratentorial VOIs was only slightly less compared
o the T1 measurements (5.5/6.5% T1/T2 ∗ for Subject 1, 4.2/4.8% for
ubject 2) ( Fig. 9: Reproducibility). Comparing the inter-subject differ-
nce in the supratentorial VOIs, a mean difference of less than 5% was
easured for all three parametric maps with a maximum of 13% for
ingle VOIs. However, analyzing the differences between the different
ite configurations, deviations between the C1 configuration with the
4-channel RF coil and the C2-C4 configuration, where the 32-channel
F coil was used, could be identified. For the PD maps, the C1 values
ere slightly lower with a mean of 7% in the SB volumes of Subject
 and 2% for Subject 2. For the T1 maps, the differences between the
onfigurations showed a clear gradient toward the center of the brain,
here VOIs of the C2-C4 sites had up to 17.5% (left thalamus) higher
alues (mean of SB VOIs for both subjects: 8%). For T2 ∗ , the C1 config-
ration measured slightly higher values than the C2-C4 configuration
mean of SB VOIs: Subject 1: 5%, Subject 2: 3%). The main difference
etween measurements taken at the C1 sites compared to the other sites
as the lower input power used due to harder SAR restrictions for the
4-channel RF coil, which led to power limitations of the measurement
rotocol. 
Comparing the T1 values between the ME-GRE method and the
P2RAGE approach the average T1 relaxation was measured about 35%
igher with the ME-GRE method. The supratentorial GM showed 33%
a  
9 igher T1 while the respective WM VOI had 41% higher mean T1 for
oth subjects with consistent relation between subjects (5% mean dif-
erence). 
. Discussion 
Quantitative imaging is challenging at UHF MRI as these methods
re very sensitive but not yet standardized. In this study we successfully
easured a comprehensive state-of-the-art quantitative neuroimaging
rotocol in a multi-center UHF experiment with many scans and only
ew failures. We extracted quantitative data and compared the repro-
ucibility systematically between the different MR systems, between
ubjects, and between individual brain regions. 
.1. System calibration 
Individual UHF systems, even from the same vendor, have differ-
nces in hardware and software that might potentially influence quan-
ification of image data. The system calibration is central to measuring
r correcting those differences and to achieve reproducible results in
ulti-site experiments. At the C5 sites, the vendor recommends auto-
atic adjustments for B1 and B0 based on the examined body region
nd RF coil setup. As those methods were not available at the older
1-C4 sites, we used methods established at the C1-C4 sites at all sites
ncluding C5 to avoid bias in the multi-site reproducibility due to differ-
nt calibration methods. 
B1 mapping is very important to calibrate the measurements, espe-
ially at UHF, where the shorter wavelength leads to less homogeneous
ransmit fields ( Vaughan et al., 2001 ). We used the DREAM B1 mapping
echnique to calibrate the necessary input power and map the adjusted
ip angle. This method is especially beneficial because of the fast acqui-
ition that can be achieved ( Ehses et al., 2019 , Nehrke et al., 2015 ), but
here is currently no gold standard for B1 mapping at UHF. To calibrate
he transmit amplitude, we averaged circular ROIs in three consecutive
xial slices located centrally at the slices where the lateral ventricles
nd the 3rd ventricle are visible, since these are the structures that one
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Fig. 9. Reproducibility. Reproducibility of quantitative imaging methods. The mean and the coefficient of variation (CoV) for all examined imaging methods are 
shown for the Subject 1 dataset. Note that the scale of the CoV maps has been adjusted to provide similar image contrast between methods. The T1 mapping with 
the MP2RAGE approach proved highly reproducible between different sites. The reproducibility drops for inferior regions like the cerebellum, where B1 is low, 
especially for the C1 sites with the 24-channel coils ( Fig. 2: B1). For the QSM maps, the standard deviation between sites is also shown to visualize more difficult 
regions independent of the normalization to the ppb scale. QSM had higher deviations near cavities (e.g. frontal hot spot near paranasal and frontal sinuses) and 
CSF-tissue boundaries. CEST rNOE had good agreement between sites and no hot spots showed up in the examined slab except for tissue/brain boundaries. The 
relaxometry with the ME-GRE approach showed lower reproducibility in regions with low B1, e.g. cerebellum and brain stem analogous to the MP2RAGE, but also 
a gradient between the center and peripheral regions was found especially for the T1 maps. The higher central variability was driven by the differences between the 

















































p  an identify most reliably at the coarse resolution of the sequence. Our
esults show that this approach assessed the mean necessary power for
he SB volume reliably between subjects and sites. The peaks of the
1 histograms in the WB were adjusted within small error margins of
bout 5% for all sites that were not limited by the maximum RF power
llowable to conform to SAR constraints for all measurements ( Fig. 3:
istogram). As the protocols were optimized at the 32-channel RF coil
ites, the maximum input power (transmitter reference voltage = 350
) was determined prior to the study with an extra margin (15%) to
eet SAR constraints for all measurements in the protocol without hav-
ng to change imaging parameters. However, the 24-channel coil type at
he C1 sites had lower transmitter efficiency but used more restrictive
AR limits as the 32-channel RF coil type and, therefore, the necessary
nput power to reach a comparable flip angle in the adjustment vol-
me exceeded the maximum applicable input power to stay within the
AR limit. We used the fixed maximum applicable power at these sites
nstead, and consequently B1 after adjustment was about 15% lower
han at the C2-C4 sites, which also narrowed the distributions of rela-
ive B1 and shifted them toward lower B1 values. Of course, this could
ave been avoided if the protocol had been adjusted at a C1 site or if
e had used a larger safety margin as others did in a similar approach
 Clarke et al., 2020 ). Nevertheless, the different power adjustments at
he C1 sites gave us additional information on the B1 accuracy for the
orrection of the relaxometry maps that will be discussed later. 
The B0 field was shimmed with the vendor-provided iterative shim-
ing procedure in a rectangular VOI enclosing the cerebrum. The B0 t  
10 apping after adjustment clearly shows different field patterns between
he C1-C4 and the C5 sites ( Fig. 4: B0) due to different applied orders
f correction terms for B0 shimming. Looking at the B0 histograms of
he WB ( Fig. 3: Histogram) or SB volumes and measuring the FWHM of
he peaks, however, we could also find that there were differences be-
ween the older generation configurations, detectable in both subjects,
avoring the C1-C2 sites with the less powerful gradient coil. As the shim
oils are integrated into the gradient coil, there might be hardware dif-
erences that caused this behavior. As we applied the iterative shimming
rocedure in the same way at all sites, it might also be possible that the
etup at the C3-C4 sites would need more iterations to converge to sim-
lar B0 homogeneity. 
.2. MP2RAGE 
The MP2RAGE derived image data had the highest reproducibility
mong all quantitative methods in our study ( Fig. 9: Reproducibility)
nd is widely used at 7 T as an anatomical T1-weighted imaging method
or segmentation and quantitative analysis. Compared to our previous
raveling heads experiment of the same subjects ( Voelker et al., 2016 ),
mportant parameters that affect the image quality and possibly affect
eproducibility were changed. The inversion pulse of the sequence (HS4
 Tannús and Garwood, 1997 ) instead of TR-FOCI ( Hurley et al., 2009 ,
’Brien et al., 2014 )), the power calibration (about 40% higher transmit
ower) and the image processing pipeline were different compared to
he initial study ( Voelker et al., 2016 ), but our results are still highly


































































































































e  omparable. Differences occurred, for example, due to the additional
1 correction of the MP2RAGE data with the DREAM B1 maps, which
e did not perform in the first study. Therefore, the T1 mapping results
re more consistent over the whole brain, and measured T1 values for
he subcortical VOIs are slightly lower compared to our previous results
imilar to Haast et al. ( Haast et al., 2018 ). The inter-site reproducibility
f the size of the subcortical volumes could be increased by a factor of
.5 comparing the larger ( > 2 cm 3 ) supratentorial VOIs to our previous
nalysis. This can be explained by the different application of the FAST
egmentation algorithm in MNI space instead of in the original image
pace and confirms the findings of Feng et al. (2017) , who found in-
reased accuracy by a similar method. The different application of the
egmentation algorithm did also slightly influence the measured volume
f some subcortical VOIs between both studies, e.g. the volume of the
eft and right putamen, that was segmented 5.4 cm 3 and 5.8 cm 3 for
ubject 1 and 2 in the old study was measured 5.9 cm 3 and 6.1 cm 3 in
his study respectively. The inter-site reproducibility of the correspond-
ng T1 measurements, however, did not increase in this study. Among
he already described differences of the study setups and the new C5
ite configuration that was not available in the previous study, the addi-
ional B1 correction may also introduce additional measurement errors.
he measurement errors are additional to the MP2RAGE inaccuracies
s both methods are combined. While this combination should increase
he accuracy of the measurements, the reproducibility may be reduced
nd, therefore, did not increase similar to the volume size reproducibil-
ty. The measured GM and WM volumes as well as the corresponding
1 relaxation times were lower than in the previous study. A reason for
his lies in changes made to the image post processing, e.g. the brain
xtraction masks that exclude arteries and dura, the additional GDC
orrection of the data, which requires a different partial volume fil-
ering, and the tissue segmentation based on the B1-corrected images
nstead of the uncorrected image data. While these changes did alter
he extracted volumes, the reproducibility of the measurements stayed
t similarly high levels as in the previous work. The reproducibility of
he method can be compared to the results of Okubo et al. (2016) at 3
. They compared the reproducibility of MP2RAGE at 3 T using SPM
Wellcome Trust Centre for Neuroimaging, London, UK) based image
rocessing. They measured a CoV between 2.08% and 2.89% for the T1
alues in deep gray matter subcortical VOIs of the putamen, globus pal-
idus, thalamus and others between healthy subjects at the same site. A
omparison to analyses with other image processing at 7 T can be made
ith the data of Haast et al. (2016) , who used similar preprocessing
nd did a surface-based segmentation and parcellation using Freesurfer
http://surfer.nmr.mgh.harvard.edu/), leading to intra-subject CoVs of
.63% in GM regions of MP2RAGE based T1 maps. In this context, our
esults prove to be very reproducible, which strengthens our findings
hat the individual system configuration in the multi-site experiment
ad an influence on the reproducibility of our 7 T MP2RAGE data. The
ore homogenous C5 site configuration yielded higher inter-site repro-
ucibility than the more heterogeneous C1-C4 sites. This shows that
ifferences in major imaging components (e.g. the magnet design, the
radient coil or the RF coil) reduce the inter-site reproducibility com-
ared to a multi-site experiment where all imaging components of the
ystems are identical. 
Deviations in image distortion were identified between the differ-
nt site configurations via co-registration and overlaying the registered
mages ( Fig. 5: Co-registration performance). The image data of the
ites with gradient coils of lower strength ( “AS95 ”, C1-C2) could be
o-registered with rigid transformation (translation + rotation). The
ites with gradient coils of higher strength ( “SC72 ”, C3-C5) needed
he additional affine co-registration with the higher degrees of freedom
rigid + scaling and shearing) to overlap sufficiently to the other sites.
he linearity of the “SC72 ” gradient coil is lower compared to the other
radient coil model. This may result in image distortion which could
nly be partially corrected by the GDC provided by the vendor. In this
xperiment we applied the GDC offline with the vendor provided correc-11 ion terms and verified this at some sites using both online and offline
orrections. The first measurement at the C2 site was chosen as refer-
nce for the co-registration as it comprises the higher gradient linearity
s well as the 32ch RF coil setup. A crosscheck with the second measure-
ent at the C5 site ERL as co-registration reference had similar results
 Inline Supplementary Figure 2 ) for both subjects. Image distortion will
enerally be moderated by B0 homogeneity ( Wang et al., 2004 ) and dif-
erences may therefore occur due to B0 shimming (e.g. 2nd or 3rd order
himming). The position of the head may also be important for GDC as
he distortion and the error in the correction increase with the distance
rom isocenter, which may amplify differences between individual sites
r rescans. For more detailed analysis future studies are necessary with
ore advanced measures of voxel or surface based morphometry. 
Apart from the observed image distortion differences between the
onfigurations the volumetric measurements of the segmentations at the
P2RAGE data did not show systematic differences between individual
ite configurations. One major reason is that the volume quantification
oes not reflect differences of that shape of an object and therefore is
ot an ideal method to detect distortion differences. A better measure
ould be to extract the actual shape of the VOIs or the overlap after co-
egistration. Additionally, most of the segmented subcortical volumes
hat were used for quantification lay near the isocenter of the magnet,
endering image distortion evoked by gradient nonlinearity minimal. 
.3. QSM 
To reduce the artifacts of the QSM reconstruction, it was very impor-
ant to exclude inferior regions near cavities that cancelled the signal in
he later echoes of the ME-GRE sequence. Therefore, the MP2RAGE de-
ived brain masks were used and combined with HD-BET derived masks
or each individual echo. This method reduced the artifacts while also
llowing us to normalize the susceptibility of each subject to the whole
rain. Since normalization of the data is not straightforward in QSM
 Straub et al., 2017 , Feng et al., 2018 ) and may introduce additional re-
roducibility error, we did not normalize the data further to a reference
olume such as the frontal part of the lateral ventricles. Thus, the mea-
ured susceptibility values were different between the two subjects. In
act, the susceptibility between the subjects scaled with a factor (1.25)
nstead of an offset that might be corrected with inter-subject normal-
zation. Consequently, physiological differences between the two sub-
ects might be the reason for the measured susceptibility differences.
e also segmented different VOIs in the ventricles and in WM that can
e used as a normalization reference and measured the reproducibility
o evaluate their use as reference VOIs. These VOIs proved to be very
eproducible for inter-site comparisons of the same subjects, and CoV
ere similar to the VOIs that we used to analyze the QSM maps. For
he QSM reproducibility analysis, we used the VOIs segmented with the
P2RAGE, but also manually segmented subcortical GM VOIs like the
ubstantia nigra, red nucleus and dentate nuclei to be comparable to
iterature values. Both segmentation methods provided similarly high
eproducibility for inter-site data. Compared to other groups and meth-
ds ( Santin et al., 2017 , Deh et al., 2015 , Feng et al., 2018 , Lin et al.,
015 , Spincemaille et al., 2019 ), our QSM analysis method at 7 T per-
ormed very well. For example, Santin et al. (2017) compared intra-site
eproducibility measures of different reconstruction techniques at 3 T
nd measured with LBV-MEDI (Laplacian boundary value ( Zhou et al.,
014 ), morphology-enabled dipole inversion ( Liu et al., 2011 )) intra-
ubject averaged CoVs between 2% and 4% for red nucleus, substantia
igra and globus pallidus. This is comparable to our results at 7 T, where
e also found some exceptions with higher deviations that might be ex-
lained by the higher sensitivity at 7 T and consequently higher propen-
ity for reconstruction artifacts. A recent study from the UK7T group
 Rua et al., 2020 ) did an extensive multi-site analysis for QSM data at
 T. They compared the reproducibility for multi-echo and single-echo
SM data with different co-registration, segmentation methods and ref-
rencing from 10 subjects at 5 sites equipped with MR systems from two
























































































































H  ifferent vendors. From this data we extracted average CoV values, com-
ared it to our reproducibility results and found very high agreement
ith their most reproducible method (single echo, manual ROI, SyN-
egistration). For example, substantia nigra (6.1%), red nucleus (8.8%),
audate nuclei (7.6%), putamen (5.2%) and globus pallidus (5.5%) com-
are very well to our average reproducibility values of both subjects
5.8%, 5.6%, 7.8%, 6.7%, 6.7%). 
.4. CEST 
The CEST reconstruction performed reliably for the rNOE contrast.
he rNOE maps had a very high reproducibility between subjects and
ites, but we found a bias between the C5 configuration sites and the
lder C1-C4 installations. One reason for the observed differences was
he thermal instability of the systems’ RFPAs caused by the very long
EST pre-saturation pulse chain (140 × 15-ms Gaussian shaped pulses
ere applied with a delay of 10 ms per RF block). The RFPAs were
ot capable of perfectly handling the long ON time (unblank) duty cy-
le, and our calibration measurements showed that the flip angles de-
iate proportionally to the ON time duty cycle ( Supplementary data ).
he flip angle deviations between the individual sites were measured
etween 3% and 11% (mean = 6%). The individual age or type of
he installed RFPA might influence these variations. Hence, the cali-
ration of our data with the measured deviation factors reduced the
bserved differences between the different scanner configurations by
.1%, but there is still a bias visible in the rNOE maps, particularly
s a small gradient with higher rNOE contrast in the dorsal areas of
he C5 sites. For Amide and MT the bias between the configurations
emained even higher after the corrections (~7%) with either smaller
Amide) or higher (MT) CEST signal measured at the C5 configuration
ompared to the other configurations. Reasons for these systematic dif-
erences need to be examined in further experiments. There might be
ynamic inaccuracies of the RFPAs due to the thermal stress of the CEST
xperiment that cause the observed differences, but it could also be that
he different sequence implementation of the readout for the C5 soft-
are version leads to T2 ∗ effects that may cause deviations between
he system configurations. Reproducibility is currently a topic at the
EST community and besides our data there is few data available at 7T.
eades et al. (2017) did report high intra-site and inter-subject repro-
ucibility at 7T, which our data does not comprise. Nevertheless, the
nter-site reproducibility found in this experiment is very high and com-
arable to the results of Deshmane et al. (2019) where CoVs of 7.8%
nd 6.8% were reported in GM and WM between three subjects at 3 T. 
.5. Relaxometry 
The relaxometry with the ME-GRE approach provided very repro-
ucible inter-site results. The PD maps were nearly as reproducible as
he T1 maps measured with the MP2RAGE method, with the limita-
ion that the multi-parametric mapping could not be measured for all
onfigurations (C5 was excluded due to problems with the sequence
mplementation). The T1 values measured with ME-GRE are slightly
ess reproducible but also differ systematically from the values of the
P2RAGE measurement due to signal contributions from the faster and
lower relaxing components being weighted differently ( Jutras et al.,
017 , Rioux et al., 2016 ), and different magnetization transfer effects
 Teixeira et al., 2019 ). Main characteristics of our results are similar to
he multi-site data of Leutritz et al. (2020) or Weiskopf et al. at 3 T. Com-
ared to Weiskopf et al. (2013) with a similar setup at 3 T, where they
easured inter-site CoVs for GM, WM and caudate nuclei between 4.6%
nd 6% for R1, 2.7% and 3.6% for PD and 11.4% and 20.3% for R2 ∗ 
t three different sites with the same type of MRI scanner, our results
howed higher reproducibility for most VOIs at 7 T. Even though we
ound that the different input power used at the 24-channel RF coil site
onfiguration (C1) systematically reduced the inter-site reproducibility
etween all sites for our measurements, especially for the R1 maps, a12 radient in the R1 maps correlating to the B1 map profile was found for
he C2-C4 configurations and a flatter profile was measured at the C1
ites. As the correct R1 calculation is proportional to the square of the
easured B1 ( Helms et al., 2008 ), the observed differences point toward
he accuracy of transmit field correction with the DREAM B1 mapping
ethod. DREAM is a relatively robust technique with an optimum flip
ngle of about 55° and a relatively high dynamic range between 10°
nd 70° with good accuracy ( Nehrke and Börnert, 2012 ). However, it is
nown that for higher flip angles ( > ≈ 80°), DREAM tends to underesti-
ate the true flip angle ( Nehrke and Börnert, 2012 ). This might be the
ey to the apparent R1 differences we found here. The portion of the
1 values higher than 1.2 × nominal flip measured in the cranial brain
 Fig. 3: Histogram) was much higher for the C2-C4 sites than at the C1
onfiguration. Therefore, reducing B1 or measuring B1 with lower nom-
nal flip angle would have been beneficial for the accuracy of the maps
nd should reduce the overestimation of central T1 similar to the C1
onfiguration data. A better accuracy and higher dynamic range of the
REAM B1 mapping could be accomplished by using multiple nominal
ip angles ( Olsson et al., 2020 ) or alternative B1 mapping methods may
e used ( Pohmann and Scheffler, 2013 ). The PD and as expected the
2 ∗ maps were less influenced by this issue, and the inter-site repro-
ucibility was similar between central VOIs and peripheral areas. PD
ap estimation can be biased by T2 ∗ effects. In our study, we applied
xtrapolation to TE = 0 ms to account for this, although it assumes that
ransversal relaxation is monoexponential. In single pool relaxometry it
s known that inadvertent magnetization transfer effects lead to sources
f variation in R1 and PD maps, introducing a dependence on the RF
ower level ( Teixeira et al., 2019 ). Although we attempted to control
ransmitter calibration, input RF power during the ME-GRE scans was
ot perfectly consistent between sites and may further explain inter-site
ariation. 
. Conclusion 
Our data show that standardized state-of-the-art quantitative imag-
ng methods lead to a very high reproducibility for inter-site com-
arisons in the same subjects between different UHF sites and MR
ystem architectures, even across 15 years of operation. However,
ome variability was observed, especially when different hardware plat-
orms/software versions or different RF coils were used, or the imaging
rotocols had to be adapted to account for these differences. Therefore,
pecial care has to be taken in multicenter studies if the detectable effect
s on the order of the variation we found in this study. Nevertheless, the
ulticenter reproducibility at 7 T for supratentorial quantitative brain
maging was found to be similar to literature data for 3 T, which is a
romising finding for UHF MRI. The data we acquired may be used for
urther algorithm and image processing testing on reproducibility and
an be accessed online (DOI: dx.doi.org/10.5281/zenodo.4117947). 
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